Using human spermatozoa stimulated with either progesterone or the Ca 2+ ionophore A23187 to undergo acrosomal exocytosis, we have investigated potential pathways for generation of diacylglycerol (DAG) and have examined the possibility that DAG plays an important role in the exocytotic response. Both treatments resulted in rapid and considerable generation of DAG, followed by a limited rise in phosphatidic acid (PA). Further experiments indicated that phospholipase C (PLC) activity is important in this generation of DAG, but phospholipase D activity probably is not. In addition, polyphosphoinosrtide-specrfic phosphoinositidase C activation and hydrolysis of phosphatidylinositol 4,5-bisphosphate appears to be a necessary prerequisite for activation of the PLC pathway. Finally the DAG formed appears to be important in acrosomal exocytosis: (i) blocking DAG metabolism with a DAG kinase inhibitor resulted in both increased endogenous levels of DAG and a significantly increased exocytotic response in stimulated cells and (ii) exogenous DAG induced exocytosis in capacitated spermatozoa whereas PA did not. Taken together, these results suggest that DAG plays a key role in events leading to membrane fusion during human sperm acrosomal exocytosis stimulated by natural agonists.
Introduction
At the time of fertilization, spermatozoa undergo an exocytotic process called the acrosome reaction, releasing enzymes that appear to play an important role in the penetration of the oocyte investments and also priming the spermatozoon for fusion with the oocyte itself (Yanagimachi, 1994) . However, upon release from the male reproductive tract, spermatozoa are unable to undergo acrosomal exocytosis, but must first undergo a final phase of maturation called capacitation (Yanagimachi, 1994) . While this normally occurs in the female reproductive tract, it can also occur under appropriate conditions in vitro. Only capacitated cells would normally undergo acrosomal exocytosis in response to oocyte-associated natural agonists such as progesterone or zona pellucida glycoproteins (Thomas and Meizel, 1989; Blackmore et ai, 1990; Ward and Kopf, 1993) .
Exocytosis, which occurs in a variety of cell types, involves fusion of the secretory granule membrane with the overlying plasma membrane. In many secretory cells these events are precipitated by an increase in intracellular Ca 2+ (Pollard et at, 1988) and activation of phospholipases which act to generate intracellular messengers and fusogenic metabolites. Many studies of exocytosis have identified a crucial role for a polyphosphoinositide-specific phosphoinositidase C (PIC). Although PIC is also a phospholipase C (PLC), in this paper we use the term PLC to indicate the enzyme that hydrolyses phospholipids other than polyphosphoinositides. Upon agonistmediated cell stimulation, activation of PIC leads to hydrolysis © European Society for Human Reproduction and Embryology of phosphatidylinositol 4,5-bisphosphate (PIP2) to generate inositol 1,4,5-trisphosphate (Ins(l,4,5)P3), which stimulates release of stored Ca 2+ , and diacylglycerol (DAG), which generally activates protein kinase C (Berridge, 1993) . However, some agonists stimulate the generation of DAG via the activation of other lipases including PLC and the phospholipase D (PLD)/phosphatidic acid (PA) phosphohydrolase pathway (Pelech and Vance, 1989; Exton, 1990 Exton, , 1994 . Since the PLC-mediated hydrolysis of phospholipids other than the polyphosphoinositides (PPIs) yields diglycerides (collectively known as diradylglycerols, or DRGs, where 'radyl' refers to acyl, alkyl and alkenyl substituents) that are likely to differ in molecular composition from PPI-derived DAG, the various DRGs may be linked to different cellular events (Exton, 1990 (Exton, , 1994 . In addition, the hydrolysis of PPIs yields a small amount of DAG for a limited period of time, whereas the breakdown of other phospholipids such as phosphatidylcholine (PC) generates DAG over a longer time period, suggesting that the latter may be involved in cellular events requiring prolonged activation (Exton, 1990) . As well as yielding DAG, PC can be hydrolysed by PLD to generate PA. In addition, PA can be derived from PPI-generated DAG through the action of DAG kinase. PA itself has been reported to have fusogenic properties (Berridge, 1987) .
At present, relatively little is known of the molecular events that underlie exocytosis of the acrosome. As with other exocytotic processes, internalization of external Ca 2+ is essential (Yanagimachi and Usui, 1974) , occurring at a very early stage in response to stimulation by progesterone or zona glycoproteins (Florman et al, 1989; Thomas and Meizel, 1989; Meizel et al, 1990) . Ca 2+ influx mediated by the divalent cation ionophore A23187 can also induce acrosomal exocytosis (Roldan and Harrison, 1989; Das Gupta et al., 1993) . Previous work, much of which has used A23187, has shown that PICmediated hydrolysis of the PPIs is an important early event during the exocytotic response in mammalian spermatozoa (Roldan and Harrison, 1989; Thomas and Meizel, 1989) . While Ins (1,4,5)P 3 , one of the hydrolysis products, does not seem to play a role in pathways leading to acrosomal loss , the other product, DAG, may (Roldan and Harrison, 1992) . At present there is little information regarding possible involvement of PLD and/or PLC in DAG generation in human spermatozoa. Although some PLD activity has been detected in ram spermatozoa following stimulation with A23187, the slowness of the response has suggested that this enzyme may not play a crucial role in mammalian sperm acrosomal exocytosis (Roldan and Dawes, 1993) . In contrast, stimulation of invertebrate spermatozoa with a natural agonist resulted in DAG being formed via the PLD/PA phosphohydrolase pathway (Domino et al, 1989) . Similarly stimulated invertebrate cells do not exhibit PLC activity (Domino et al, 1989) , whereas mammalian spermatozoa contain detectable PLC activity in cell extracts (Hinkovska-Galchev and Srivastava, 1992) and exhibit a stimulation of PLC activity upon treatment with A23187 , suggesting intrinsic differences between invertebrate and mammalian spermatozoa.
Natural agonists such as progesterone and zona glycoproteins interact with the sperm plasma membrane and activate a receptor-mediated signal transduction pathway (Florman et al., 1989; Thomas and Meizel, 1989; Meizel et al, 1990) , while ionophores such as A23187 effectively bypass early transducing mechanisms. For this reason, results obtained following A23187 stimulation of exocytosis have been criticized because the ionophore might override certain steps in phospholipid turnover occurring only in response to a natural agonist (Kopf and Gerton, 1990) . At present, relatively little is known about possible pathways involved in generation of DAG in response to such agonists. In particular, there is no clear evidence as to whether PLD and/or PLC activation occurs in human spermatozoa in response to natural agonists and whether these enzymes play a significant role in exocytosis elicited under these conditions of stimulation.
In the present study we have attempted to clarify mechanisms of DAG generation in human spermatozoa by comparing responses to progesterone, a natural agonist, and A23187, and to establish whether DAG may play a role in events leading to membrane fusion during acrosomal breakdown. We report here that both progesterone and A23187 elicit generation of DAG in human spermatozoa mainly via PLC activation, PLD activity being negligible and thus unlikely to contribute to the DAG pool or to play any role in events leading to acrosomal exocytosis. The DAG generated seems to be the key messenger stimulating downstream processes leading to membrane fusion because enhancement of endogenous DAG levels with the DAG kinase inhibitor R59949 or by addition of the permeant DAG sn-oleoyl-acetyl-glycerol significantly stimulated acrosomal exocytosis of cells adjudged to be capacitated using chlortetracycline analysis.
Materials and methods

Medium and reagents
The standard medium used was Earle's medium (TCN Flow, High Wycombe, Bucks, UK) with added benzylpenicillin (100 IU/ml, Sigma, Poole, Dorset, UK) and human serum albumin (HSA, Sigma) at 4 rag/ml. This medium contains 1.8 mM CaCl2.
[9,10-3 H]-palmitic acid (specific activity 54 Ci/mmol), l-0-[ 3 H]-octadecyl-sn-glycero-3-phosphocholine ([ 3 H]-alkyllyso-PC; specific activity 164-171 Ci/mmol) and [ l4 C]-arachidonic acid (specific activity 50-62 mCi/mmol) were obtained from Amersham International (Amersham, UK). Percoll was obtained from Pharmacia LKB (Uppsala, Sweden). The DAG kinase inhibitor R59949 was from Calbiochem (Nottingham, UK). Organic solvents were from Merck-BDH (Poole, Dorset, UK) and all other reagents were purchased from Sigma. Except for the synthetic DAG which was made up in n-hexane, all reagents used to treat sperm suspensions were prepared as stock solutions in dimethylsulphoxide (DMSO) and kept at 4°C. For use, they were diluted 10-fold in Earle's medium and then added at 1/100 to suspensions (DMSO final concentration of 0.1%).
Preparation of motile sperm suspension
Semen was obtained from volunteer research donors; the use of human semen from healthy volunteers for research into sperm function has received ethical approval from the King's College Research Ethics Committee. In each experimental protocol, a single, different donor was used in each replicate. Motile cells were prepared by using mini-Percoll (Ord et al, 1990) gradients (300 u.1 each of 95, 70 and 50% v/v solutions prepared from a substock solution of Percoll, made up by adding 90 ml of 100% Percoll to a solution containing 10 ml 10X Earle's concentrate, 0.37 ml sodium lactate, 2 ml HEPES buffer, 3 mg sodium pyruvate; HSA was present at a final concentration of 4 mg/ml). Semen (300-500 u.1) was added to each gradient and after centrifugation at 600 g for 5 min at room temperature, the supernatant was removed; pelleted cells were resuspended in Earle's medium, centrifuged again and resuspended in fresh medium. The concentration of sperm cells was determined using a haemocytometer and then adjusted to 5X 10 6 cells/ml. The percentage of motile spermatozoa in a sample was estimated microscopically; in most samples >90% of cells showed progressive motility.
Stimulation of cells with progesterone
Washed sperm suspensions were incubated for 4 h at 37°C. In some experiments, washed cells were incubated first with 3.6 mM pentoxifylline for 30 min at 37°C, washed by centrifugation at 600 g for 5 min at room temperature, resuspended to the same volume in fresh Earle's medium and incubated for 3.5 h under similar conditions. All incubations were carried out in an atmosphere of 5% CO2; 5% O2; 90% N2. Sperm suspensions were then labelled by incubating them with either 5 u.Ci [ 3 H]-palraitic acid/ml or 5 uCi [
I4 C]-arachidonic acid/ml for 60 min at 37°C, washed by centrifugation at 600 g for 5 min at room temperature and resuspended in fresh Earle's medium. Spermatozoa were stimulated by addition of progesterone (10 Ug/ml = 31.8 uM) and reactions were stopped at various intervals for assessment of acrosomal exocytosis or for quantification of lipid changes. This concentration of progesterone was chosen because earlier experiments had indicated that it significantly stimulated exocytosis without adversely affecting sperm motility and viability (DasGupta et al, 1994) .
Stimulation of cells with A23187
Washed sperm suspensions were labelled by incubating in either 5 nCi [ 3 H]-palmitic acid/ml or 5 nCi [ 3 H]-alkyllyso-PC/ml for 60 min at 37°C. Cells were washed by centrifugation at 600 g for 5 min at room temperature and resuspended in fresh Earle's medium. Spermatozoa were stimulated with 2.5 (iM A23187 and reactions were stopped at different times for lipid analyses or assessment of acrosomal status.
Assessment of acrosomal exocytosis
Unfixed cells were stained sequentially, first with the vital dye Hoechst iw-benzimide 33258 used to assess cell vitality followed by chlortetracycline (CTC) used for assessment of the functional state, i.e. uncapacitated or capacitated, then fixed as detailed in DasGupta et al. (1993) . Slides were prepared under yellow sodium illumination. After addition of a coverslip, the slide was firmly compressed between tissues to remove excess fluid and then sealed with colourless nail varnish and stored, wrapped in foil, at 4°C. Assessment of the slides was carried out on either the same or the following day using an Olympus BHS microscope equipped with phase contrast and epifluorescence optics.
Cells were assessed first for live/dead status using UV light. The Hg excitation beam was passed through a 334 run band pass filter and fluorescence emission was observed through a DM 400 dichroic mirror. Then the same cells were assessed, using violet light, and classified as expressing one of the three main CTC staining patterns. The Hg excitation beam was passed through a 405 run band pass filter and fluorescence emission was observed through a DM 455 dichroic mirror. The main CTC patterns are: F, with uniform bright fluorescence over the entire head, which is characteristic of uncapacitated, acrosome-intact cells; B, with a fluorescence-free band in the post acrosomal region, which is characteristic of capacitated, acrosome-intact cells; AR, with dull or absent fluorescence in the head region, which is characteristic of capacitated, acrosome-reacted cells (DasGupta et al., 1993) .
The Percoll-prepared samples used had a high proportion of motile cells (>90%) and the number of Hoechst-positive (dead) cells correlated well with the number of immotile cells. As the numbers of dead cells were low and were randomly distributed among the assessment categories, all our CTC results are for Hoechst-negative (live) cells only; 200 live cells were assessed in each sample.
Upid analyses
For the quantification of changes in DAG, PA and phosphatidylethanol (PEt), reactions were stopped at selected intervals after the addition of stimuli by the addition of chloroform/methanol (1:2 v/v) and lipids were then extracted as described by Bligh and Dyer (1959) , including unlabelled PA and PEt, or 1,3-dioleoylglycerol and 1,2-dioleoyl-snglycerol as carriers, depending on the lipids to be quantified. Lipids were separated by thin layer chromatography (t.l.c.) on silica-gel 60 F254-coated plates (0.25 mm thickness; Merck-BDH). DAG was separated in the solvent system n-hexane/diethylether/acetic acid (70:30:1 v/v). PA and PEt were separated in the upper phase of the solvent system ethylacetate/2,2,4-trimethylpentane/acetic acid/H 2 O (110:50:20:100 v/v). Lipid spots were visualized by exposing the t.l.c. plates to iodine vapour and identified by comparison with standards run in parallel on the same plate. Spots were marked by pencil and, after complete drying of the plates, the spots were scraped off; 4 ml of scintillation fluid (Ultima Gold; Packard, Pangboume, Berks, UK) was added to each vial and samples were counted in a Packard Tricarb scintillation counter.
Statistical analysis
All results are presented as means ± SE. CTC results were analysed using Cochran's modification of the x 2 tes ' (Snedecor and Cochran, 1980) .
Results
Stimulation of spermatozoa with progesterone
Human spermatozoa were preincubated for 4 h at 37°C (conditions that support capacitation and the consequent ability to respond to natural agonists), labelled with [ 3 H]-palmitic acid for 1 h under capacitating conditions and then exposed to 10 (ig progesterone/ml. Five replicate experiments were carried out (n = 5). Results indicated that treatment with progesterone led to a rise in labelled DAG, which peaked at 5 min and then declined ( Figure 1A) , and to an increase in labelled PA, which peaked at 10 min ( Figure IB) . Thus, the rise in DAG seen after treatment with progesterone preceded the rise in PA; furthermore, the amount of labelled PA generated was considerably lower than that of DAG. These results suggest that progesterone stimulation may lead to generation of DAG via a mechanism involving mainly PLC activation, rather than PLD plus PA phosphohydrolase. In addition, they suggest that the DAG generated in this way could, at least in part, be converted to PA via DAG kinase action.
It is known that exposure of human spermatozoa to pentoxifylline, thought to function primarily as a cyclic nucleotide phosphodiesterase inhibitor (Stefanovich, 1973) , increases the number of cells that undergo capacitation and thus potentially able to respond to progesterone (DasGupta et al., 1994) . We therefore examined the effect of including 3.6 mM pentoxifylline during preincubation of spermatozoa prior to stimulation with progesterone (see above for protocol). The pattern of response observed was similar to that described for progesterone treatment only, i.e. a large rise in DAG within the first 5 min, followed by a much smaller rise in PA by 10 min (data not shown). It was not possible to compare treatments using pentoxifylline and progesterone with progesterone only on the same sample because of difficulties in ensuring accurate timing of samples. However, the magnitude of the responses observed following pentoxifylline and progesterone treatment was generally greater than that obtained following progesterone only. This would be consistent with the significantly higher incidence of acrosomal exocytosis observed when cells were treated with both pentoxifylline and progesterone (DasGupta et al, 1994) .
Stimulation of spermatozoa with A23187
When human spermatozoa were labelled with [ Since spermatozoa have an array of phospholipids consisting of diacyl, alkylacyl and alkenylacyl substituents (Mann and Lutwak-Mann, 1981; Nikolopoulou et al., 1985) , activation of PLC could result in a variety of DRG species. We investigated this possibility by labelling spermatozoa with [ H]-alkyl-diglyceride. These results, together with those presented above, show that sperm stimulation results in the generation of various DRG types and support the proposal that PLC activation may be the main mechanism for the generation of DRGs. Furthermore, they suggest that the DRGs generated under these conditions may be a poor substrate for the generation of PA.
Evidence for phospholipase C activation following stimulation with progesterone DAG can be generated by either PIC-mediated hydrolysis of PPIs or PLC-mediated hydrolysis of phospholipids other than 320 PPIs. To determine which pathway is most active in the production of DAG in spermatozoa, we took advantage of the fact that sperm phospholipids label differentially, depending upon the isotope and the incubation period used. When cells are incubated for a short time with [ l4 C]-arachidonic acid, all phosphoglycerides except for the PPIs are labelled and therefore any labelled DAG generated following stimulation would be derived via the PLC pathway. When preincubated cells were labelled with [ l4 C]-arachidonic acid and then exposed to progesterone, there was a rise in labelled DAG that peaked at 5 min and then declined (n = 3; Figure 4 ). This pattern was similar to that seen when cells were stimulated with progesterone after being labelled with [ 3 H]-palmitic acid ( Figure 1A) , suggesting that the DAG generated after stimulation results primarily from PLC activity.
Evidence that PIC-generated DAG is required for progesterone-stimulated acrosomal exocytosis
As shown in the preceding experiment, the majority of DAG detected following progesterone stimulation is generated via the PLC pathway; however, activation of the PIC pathway *C]-arachidonic acid for 1 h, washed and then stimulated by addition of 10 u.g progesterone/ml at time 0; samples were assessed at subsequent intervals. The lipids were extracted and separated in the solvent system of n-hexane/ diethylether/acetic acid. Results are means ± SE of duplicate samples of a typical experiment (n = 3). might be a prerequisite for stimulation of the PLC pathway. To examine this possibility we used neomycin, an aminoglycoside antibiotic that binds selectively to PPIs (Schacht, 1978) and inhibits PPI hydrolysis (Carney et ai, 1985; Cockcroft and Gomperts, 1985) , and U73122, a PIC inhibitor (Bleasdale et ai, 1989) . Spermatozoa were preincubated and labelled with [ 3 H]-palmitic acid as described earlier and then treated with either neomycin (1 (iM-1 mM) or U73122 (2 and 6 \xM); after 15 min, cells were exposed to 10 |ig progesterone/ml for 10 min (n = 4). Results ( Figure 5A ) indicate that the addition of either neomycin or U73122 resulted in a concentrationdependent decrease in the amount of DAG generated after stimulation with progesterone, compared with progesteroneonly treated controls.
To determine whether PIC-generated DAG plays a role in progesterone-induced acrosomal exocytosis, preincubated spermatozoa were treated first with either neomycin (10 (AM and 1 mM) or U73122 (6 \iM) and then progesterone at 10 Jig/ml for 30 min (n = 6). The presence of these compounds significantly inhibited (P < 0.05-0.01) progesterone-stimulated acrosomal exocytosis, the inhibition being most pronounced when U73122 was used ( Figure 5B ). In contrast, when cells were treated with U73343, a close analogue of U73122 that does not inhibit PIC activity, there was no significant change in the CTC patterns, compared with progesterone-only treated cells. Thus, although our other experimental series have demonstrated that the bulk of DAG produced in response to progesterone stimulation is generated via PLC-mediated hydrolysis of PC, these results indicate that this DAG production requires prior activation of the PIC pathway.
Is phospholipase D activated after stimulation with progesterone or A231877
The experiments described above suggested that the pathway involving PLD and PA phosphohydrolase may not contribute to the generation of DAG because the rise in PA followed that of DAG. They also suggested that PA could be generated via DAG kinase, although it is possible that [ 3 H]-palmitoyl-DAG might not be a substrate for the kinase, due to the known preference of this enzyme for stearoyl-arachidonoyl-glycerol (MacDonald et al., 1988) . To establish whether PA is formed by PLD in human spermatozoa, cells were preincubated and labelled with [ 3 H]-palmitic acid, then exposed to ethanol (5 |i.g/ ml) and stimulated in its presence with either pentoxifylline plus progesterone or A23187. In the presence of ethanol, PLD catalyses a transphosphatidylation reaction leading to the generation of PEt; therefore generation of PEt constitutes good evidence for activation of PLD (Pai et ai, 1988; Balsinde et ai, 1989) . Neither progesterone nor A23187 stimulation led to a rise in labelled PEt, although both stimulated generation of labelled PA (n = 5; Figure 6A ,B), suggesting that PLD activity is negligible in human spermatozoa and that PA is generated via other route(s).
DAG catabolism
To investigate whether DAG kinase is responsible for DAG catabolism and to determine the possible importance of the 
DAG -> PA pathway in events leading to acrosomal exocytosis, cells prelabelled with [
3 H]-palmitic acid were stimulated with A23187 in the absence or the presence of the DAG kinase inhibitor R59949 (de Chaffoy de Courcelles et al., 1989) . As shown in Figure 7A , treatment of spermatozoa with 2.5 |iM A23187 and 1 pM R59949 resulted in a greater amount of labelled DAG detected than when cells were treated with A23187 alone {n -5). This supports the possibility that DAG is metabolized, at least in part, via the DAG kinase pathway.
To determine whether this experimental treatment had any effect on exocytosis per se, unlabelled aliquots of the same sperm suspensions were treated with A23187 in the absence or presence of R59949 and the acrosomal status was assessed using CTC staining. In all suspensions treated with A23187 there was a significant decrease in the proportion of uncapacitated cells (F pattern) and a significant increase in the proportion of capacitated cells (B and AR patterns). Spermatozoa stimulated with A23187 in the presence of R59949 showed a significant increase (P < 0.01) in the proportion of capacitated cells that underwent acrosomal exocytosis (AR pattern) and a corresponding significant decrease (P < 0.05) in the proportion of acrosome-intact capacitated cells (B pattern), compared with cells treated with A23187 alone {n = 5; Figure 7B ). There was no significant change in the proportion of uncapacitated cells, indicating that the inhibition of DAG kinase only stimulated exocytosis in capacitated cells. Spermatozoa treated ]-palmitic acid for 1 h, were washed and then stimulated by addition of 2.5 |iM A23187 ± 1 uM R59949 at time 0; samples were assessed at subsequent intervals. The lipids were extracted and separated in the solvent system: n-hexane/diethylether/acetic acid. Results are means ± SE of duplicate samples of a typical experiment (n = 5). • = A23187 + R59949; O = A23187. (B) Unlabelled aliquots of the same suspensions were stimulated by addition of 2.5 uM A23187 ± 1 uM R59949 at time 0 and incubated for 30 min; they were then stained with chlortetracycline (CTC) and examined by fluorescence microscopy. Results are means ± SE (n = 5). D = F-uncapacitated, acrosome-intact; • = B-capacitated, acrosome-intact; • = AR-capacitated, acrosome-reacted. *P < 0.05, **P < 0.01 compared with ionophore-treated cells. All categories of CTC patterns were significantly different in the ionophore-treated groups compared with the control group.
only with R59949 showed no significant alteration in the proportions of cells with F, B and AR patterns, compared with untreated controls; in both those groups, >80% of cells still expressed the uncapacitated F pattern.
Effect of exogenous DAG and PA on exocytosis
To test further the strong possibility that DAG plays a role in acrosomal exocytosis, spermatozoa were exposed to exogenous metabolites after preincubation for 5 h. A 10 mM stock solution of the permeant DAG sn-l-oleoyl-2-acetyl-glycerol (OAG) was prepared in n-hexane; when required, an aliquot was dried down with N 2 and dissolved in a similar volume of DMSO. This was diluted 1/100 in Earle's medium and a further 1/10 by addition to sperm suspensions to give a final concentration of 1 (iM OAG. Treatment of spermatozoa with OAG resulted in a significant increase (P < 0.001) in the proportion of acrosome-reacted cells (AR pattern), and a parallel decrease (P < 0.05) in the proportion of acrosome-intact capacitated cells (B pattern), compared with untreated controls {n = 10; Figure 8 ). There was no significant change in the proportion of uncapacitated cells (F pattern), suggesting that only capacitated cells could respond to the OAG. To confirm this, in five additional replicates the addition of OAG to uncapacitated suspensions (preincubated for only 1 h) failed to elicit a significant exocytotic response (control, AR = 3.0 ± 0.49b; OAG, AR = 4.0 ± 1.0%, mean ± SE). Thus only capacitated cells underwent exocytosis following treatment with OAG. Treatment of preincubated spermatozoa with PA (dioleoyl-Lcx-PA) had no effect on the proportion of spermatozoa expressing the F, B, and AR patterns, indicating that this metabolite did not change the functional states of the cells. These results therefore suggest that DAG, rather than PA, is the important metabolite involved in acrosomal exocytosis.
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Control OAQ Figure 8 . Effect of synthetic lipids on acrosomal exocytosis. Spermatozoa, preincubated for 5 h, were incubated in the presence of a synthetic form of diacylglcerol (DAG), sn-l-oleoyl-2-acetylglycerol (OAG), and a synthetic phosphatidic acid (PA) for 30 min, stained with chlortetracycline (CTC) and examined by fluorescence microscopy. Results are means ± SE (n = 10). D = Funcapacitated, acrosome-intact; 9 = B-capacitated, acrosomeintact; • = AR-capacitated, acrosome-reacted. *P < 0.05, ***P < 0.001 compared with the untreated control group.
Discussion
The results of this study clearly demonstrate that stimulation of human spermatozoa with either progesterone or A23187 results in formation of DAG via similar pathways. The main pathway for DAG formation involves PLC, with essentially no contribution from the alternative PLD/PA phosphohydrolase route. Our study also indicates that the DAG thus generated plays an important role in exocytosis of the acrosome in capacitated cells. Sperm acrosomal exocytosis relies on the presence of extracellular Ca 2+ and it is only after Ca 2+ influx triggered by natural agonists, or the divalent cation ionophore A23187, that PPIs are hydrolysed by PIC in 323 both invertebrate (Domino and Garbers, 1988) and mammalian spermatozoa (Roldan and Harrison, 1989; Thomas and Meizel, 1989) . Previous studies have shown that PPI breakdown is an important early event during mammalian sperm acrosomal exocytosis (Roldan and Harrison, 1989 , 1990 , and that, of the metabolites generated, only DAG appears to have a role in acrosomal exocytosis Harrison, 1992, 1993) . However, the amount of DAG generated by PPI hydrolysis must be limited because of the small amount of PPIs in the sperm membranes (Mann and Lutwak-Mann, 1981; Parks et al, 1987) . Little is known about the other potential pathways for generation of DAG in spermatozoa in general, and recent results obtained with A23187 in a mammalian model system have suggested that differences may exist between mammalian and invertebrate spermatozoa (Roldan and Dawes, 1993) . However, as discussed earlier, concern has been expressed because responses generated by an ionophore may not reflect those elicited by a natural agonist (Kopf and Gerton, 1990 ).
The responses we observed in human spermatozoa following stimulation with either progesterone or A23187 involved a considerable generation of DAG within about 5 min, followed by a relatively smaller peak of PA at about 10 min. We therefore conclude that both progesterone and A23187 stimulate similar pathways leading to membrane fusion, at least those that are activated after Ca 2+ entry. Further support for this conclusion is provided by recent studies on human spermatozoa demonstrating hydrolysis of PPIs via PIC after stimulation with either A23187 (Roldan and Harrison, 1989) or progesterone (Thomas and Meizel, 1989) and activation of phospholipase A 2 after stimulation with either compound (Baldi et al., 1993) .
Using ]-alkyllyso-PC as precursors, acyl-and alkyl-phospholipid pools were labelled in human spermatozoa. Stimulation of these prelabelled cells with A23187 revealed that both DAG and alkyl-diglyceride were formed, thus demonstrating that a variety of phospholipid sources exist in spermatozoa for the generation of these metabolites. Analyses of aliphatic moieties in sperm lipid classes have revealed that palmitic acid is found only in position 1 of diacyl-phospholipids. Neither alkyl-palmitoylnor alk-1-enyl-palmitoyl-phospholipids have been identified in spermatozoa (Selivonchick et al., 1980) . Similarly, neither 1-palmitoyl-2-alkyl-nor l-palmitoyl-2-alkenyl-phospholipidsare constituents of sperm membranes (Selivonchick et al, 1980) . Thus, use of [ 3 H]-alkyl-2-acyl-PC pool, based on sperm lipid composition (Selivonchick et al, 1980) , which would generate alkyl-acyl-compounds upon hydrolysis. Previous work has shown that incubation with l-0-[ 3 H]-octadecyl-sn-glycero-3-phosphocholine results in labelling of a PC pool and, in a lower proportion, of diglyceride and phosphatidic acid pools (the latter two, most likely due to some turnover of PC; . No other lipid pools were found to be labelled.
We then attempted to clarify the mechanism(s) underlying the production of these diglycerides. In several somatic cell 324 types, both the PLC and PLD/PA phosphohydrolase pathways contribute to the formation of DAG (Pelech and Vance, 1989; Exton, 1990) . Preincubated cells, prelabelled with [ I4 C]-arachidonic acid and then stimulated to undergo exocytosis, generated a considerable amount of labelled DAG, thus providing direct evidence for PLC involvement in the observed DAG formation and suggesting that the bulk of DAG generated following cell stimulation derives from PLC activity. However, the fact that neomycin, which binds to PPIs and inhibits their hydrolysis, and U73122, which inhibits PIC, inhibited both the generation of labelled DAG and the acrosome reaction suggests that activation of the PIC pathway is a necessary prerequisite for activation of the PLC pathway and subsequent exocytosis. Thus DAG produced from breakdown of PIP2 by PIC may activate DAG generation via the PLC pathway. Very recently, Tomes et al. (1996) have provided evidence that both intact zonae pellucidae and purified zona proteins, known to stimulate acrosomal exocytosis, caused increased PIC activity in mouse spermatozoa, an observation consistent with our results.
To assess PLD activity, we have taken advantage of this enzyme's ability to mediate a transphosphatidylation reaction (Pai et al, 1988; Balsinde et al, 1989) to examine whether this enzyme is activated in response to progesterone or A23187: in the presence of ethanol, PLD hydrolyses phospholipids and forms phosphatidylethanol (PEt). However, no rise in this metabolite was observed when cells were stimulated with either agonist in the presence of ethanol, suggesting that the contribution of PLD to the DAG pool is negligible and therefore that this enzyme probably does not play a role in events leading to exocytosis in human spermatozoa. This conclusion is consistent with results obtained in mouse spermatozoa, where no PLD activation could be detected after stimulation with progesterone or zona pellucida . Furthermore, although PLD activation did occur in A23187-stimulated ram spermatozoa, the delayed rise in PEt generation relative to DAG suggested that PLD did not play a major role in DAG production (Roldan and Dawes, 1993) . Therefore, our results indicate that activation of PLC is the main mechanism underlying generation of DAG in human spermatozoa and provide strong support for the proposal that the mechanisms involved in DAG formation differ in mammalian and invertebrate spermatozoa. In the latter, stimulation with either A23187 or a natural agonist of exocytosis resulted in production of DAG via the PLD/PA phosphohydrolase pathway, with little evidence for the PLC pathway (Domino et al, 1989) , the reverse of the results obtained with human spermatozoa.
Stimulation of cells prelabelled with [
3 H]-palmitic ac 'd using either progesterone or A23187 resulted in an initial accumulation of labelled DAG followed by a peak of PA. This temporal pattern suggests that DAG is formed first and then, at least in part, is phosphorylated by DAG kinase to PA. Consistent with this proposed sequence, inclusion of the DAG kinase inhibitor R59949 resulted in increased amounts of labelled DAG in stimulated cells. These results, which clearly indicate that DAG kinase converts DAG to PA in human spermatozoa, are not entirely in agreement with previous findings. Studies on ram spermatozoa revealed that generation of DAG and alkyl-diglyceride after stimulation with A23187 was not accompanied by rises in diacyl-or alkyl-PA . Although differences in substrate specificity of the DAG kinase of these species could be invoked, it is more likely that differences relate to the composition of the diglycerides, generated after stimulation, that could serve as potential substrates for the kinase. It is well known that spermatozoa from various mammalian species differ in the fatty acid or fatty alcohol substituents of the different phospholipid classes (Selvonchick et al., 1980; Mann and Lutwak-Mann, 1981) ; therefore it is reasonable that the sperm DAGs derived from these phospholipids may vary among species. Since DAG kinase has a preference for arachidonoyl-containing DAGs (MacDonald et a/., 1988) , the conversion of DAG to PA in human spermatozoa could be due to the presence of arachidonic acid in position 2 of the PC-derived DAG (see Figure 4) , whereas lack of conversion to PA in ram spermatozoa could be due to its absence. Further studies are needed to clarify whether this is a likely explanation. In any case, it is interesting to note that the amount of PA actually generated was much less than could have been derived from the DAG formed following cell stimulation. In the absence of PLD activation (see above), the proportion of DAG metabolized via the kinase appears to be limited. The importance of the other potential route for DAG removal, i.e. DAG lipase, remains to be established in human spermatozoa.
The work presented here also indicates that DAG plays an important role in exocytosis. Two lines of evidence support this: (i) studies using a DAG kinase inhibitor; and (ii) studies involving the addition of exogenous DAG. The first, which showed that treatment with the DAG kinase inhibitor R59949 resulted in a rise in endogenous DAG, also revealed that this treatment was accompanied by stimulation of exocytosis. Previous studies Harrison, 1990, 1992) attempted to establish this linkage using R59O22, a related DAG kinase inhibitor (de Chaffoy de Courcelles et al., 1985) . However, responses to the compound were only observed at concentrations higher than those found to be effective in somatic cells, thus raising the possibility that additional signalling pathways might be affected. The present studies carried out with the more specific DAG kinase inhibitor R59949 (de Chaffoy de Courcelles et al, 1989) , which is active at much lower concentrations (similar to those used in somatic cells), provide stronger evidence for a link between DAG and exocytosis of the acrosome. The second line of evidence that DAG is a key metabolite in the exocytotic pathway is that addition of exogenous DAG (sn-oleoyl-acetyl-glycerol) resulted in stimulation of exocytosis in capacitated cells, whereas addition of exogenous PA showed no effect whatsoever. This is the first study to demonstrate that only capacitated cells can respond to such stimuli.
In conclusion, we have demonstrated that: (i) stimulation of human spermatozoa with agents known to trigger acrosomal exocytosis leads to an increase in endogenous DAG; (ii) inhibition of endogenous DAG catabolism stimulates both accumulation of DAG and the exocytotic response; and (iii) exogenous DAG stimulates exocytosis only in capacitated cells. We therefore suggest that DAG, and not a derived metabolite, is the important molecule playing a role in the sequence underlying exocytosis in human spermatozoa.
